A fully three-dimensional finite-difference time domain numerical model is presented for calculating the out-of-plane radiation loss in photonic-crystal slab waveguides. The propagation loss of a single-line defect waveguide in triangular-lattice photonic crystals is calculated for suspended-membrane, oxidizedlower-cladding, and deeply etched structures. The results show that low-loss waveguides are achievable for sufficiently suspended membranes and oxidized-lower-cladding structures.
Two-dimensional photonic-crystal defect waveguides have been the subject of active research recently because of their potential to be a basic building block for densely integrated optics. They are most simply formed by inserting a linear defect into a two-dimensional triangular lattice of air holes in a dielectric slab. All the proposed and demonstrated photonic-crystal waveguides, however, are not rigorously guided and suffer from radiation loss. We utilize a fully three-dimensional (3-D) f inite-difference time domain (FDTD) model to predict the out-of-plane losses.
Holes with radii of r͞a 0.3 arrayed in a triangular lattice are made to perforate f ive dielectric structures, which are detailed in Table 1 . Of these five structures two are suspended-membrane structures that differ in their suspension distance above a GaAs substrate. Distances of normalized thickness d͞a 1.0 and d͞a 3.0 are considered here. Two other waveguide geometries in which the membranes have asymmetric air -top and oxide-bottom cladding layers are considered with oxide thicknesses d͞a of 2.0 and 5.0. Finally, a deeply etched structure in which the photonic crystal extends through the Al x Ga 12x As lower-cladding layer is included. All five structures have a GaAs substrate. We limit our study to defect waveguides formed by removing a single row of holes along the G 2 K direction, as shown in Fig. 1 .
The structures are modeled with a 3-D FDTD method with a message-passing interface to run in a parallel environment. 1, 2 Discretization is no less than 20 points per interhole spacing. For the calculation of the photonic crystals' band structure, the unit cell, as shown in the inset of Fig. 1 , is chosen to facilitate f inite-difference mesh generation. The computational domain can be as large as 60 3 40 3 400 cells, depending on the thickness of the structure. The domain is terminated by periodic boundary conditions in the plane and by Berenger's perfectly matched layer absorbing boundary condition 3 in the vertical direction. For defect waveguide mode calculations the computational domain can be as large as 20 3 600 3 400 cubic cells and is terminated by Berenger's perfectly matched layer absorbing boundary condition, except in the propagation direction, where a periodic boundary condition is applied instead. An order-N conformal technique 4 is applied in handling cylinders to overcome the staircase of the original Cartesian-grid FDTD formulation. In both cases the eigenmodes are given by the peaks in the frequency spectrum of the complex field components recorded at various low-symmetry locations 5 for a given in-plane propagation constant b. Several defect waveguide modes are observed in the photonic bandgap. Here we deal with only the lowest-order even mode in the bandgap, which is marked with a thicker curve in the dispersion diagram. The vertical-radiation light cone and transverse radiating region of the photonic crystal are mapped as light gray and dark gray areas, respectively.
To calculate the vertical radiation loss, the photonic-crystal slab waveguide is excited by a singlefrequency dipole source, the frequency of which is given by the phase shift across the unit cell used in the periodic boundary condition. A traveling f ield is emulated by means of double orthogonal excitation 6 in which a sinusoidal excitation is applied to the real parts of the f ield component and a cosinusoidal excitation is applied to the imaginary parts. The energy of unwanted modes is suppressed by applying a time domain Blackman window, 7 at least 30,000 time steps, with a side-mode suppression ratio larger than 57 dB and a bandwidth of less than 0.005 in normalized frequency. The Poynting vectors through the top and bottom planes in the vicinity of the perfectly matched layer are summed up at every instant as vertical power f low. Those through the longitudinal plane are summed as in-plane power f low. The vertical radiation loss is calculated from the ratio of the vertical power f low to the in-plane f low after a steady state is achieved. By employing the periodic boundary condition and the filter window, this model emulated an infinitely long waveguide structure and thereby eliminates the confusion incurred by mode excitation efficiency and surface-wave propagation in loss calculations if a finite-length waveguide is used. The numerical noise of the method is estimated to be less than 0.01 cm 21 , which is the out-of-plane 
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See also ADM001923. radiation loss calculated by this method for a rigorously guided ridge waveguide. The out-of-plane transmission loss as a function of the in-plane propagation constant b is plotted in Fig. 2(a) . The plot covers the guided frequency range in each case. Since this loss does not include in-plane radiation loss or loss resulting from fabrication imperfection, it should be viewed as a lower limit to the loss expected for real devices. As can be seen from the plot, loss is generally high, because the Bloch mode is above the substrate light line for all cases. A thick low-index bottom cladding layer is required for isolating the guided modes from the radiation modes of the substrate. Still, radiation through the bottom cladding generally dominates the out-of-plane radiation loss. The deep undercut structure suffers the least vertical radiation loss among all the waveguides considered and has a minimum loss of approximately 0.2 cm 21 caused by the remaining evanescent coupling between the waveguide mode and the radiation modes of the high-index substrate. For the deep undercut structure, if the defect waveguide is designed to operate at approximately 1.55 mm with a 400 nm, the membrane is suspended by 1.2 mm above the GaAs substrate. We note that the out-of-plane radiation loss of a membrane waveguide suspended by only 400 nm is 10 cm 21 at its minimum. This loss is 50 times that of the former structure. A similar trend holds for the oxidized-lower-cladding structures, for which a thicker oxide cladding yields lower out-of-plane radiation loss. For the deeply etched structure, the loss that is due to out-of-plane radiation is large. There exists a range of frequencies for which this loss is approximately 100 cm 21 , which may be acceptable for the small propagation lengths associated with integrated photonic circuitry. It should also be noted that deeply etched waveguides formed by removing multiple rows of holes have been demonstrated with significantly lower radiation loss. 8, 9 Our calculations indicate that a reduction in the radiation loss by more than 3 orders of magnitude for these structures is possible. However, these waveguides are multimode at all frequencies.
The out-of-plane transmission loss as a function of normalized frequency is shown in Figs. 2(b) and 2(c) . A wavelength scale is also included with a 420 nm in Fig. 2(b) and 450 nm in Fig. 2(c) . The plots break off abruptly at the lower end of the frequency range because of the cutoff frequency of the guided mode considered in this Letter. The vertical radiation loss for frequencies lower than the cutoff frequency is not a property of the guided mode and therefore is not the subject of this discussion.
The bandwidth of low-loss ͑,1-cm 21 ͒ operation for suspended-membrane defect waveguides is approximately 60 nm when operating around 1550 nm as the central working wavelength. For oxidizedlower-cladding defect waveguides the range of wave vectors under the cladding light line is reduced as a result of the higher refractive index compared with that in the suspended-membrane case. That range, which is in the vicinity of the Brillouin-zone boundary, also corresponds to the low-group-velocity region. Consequently, oxidized-lower-cladding structures allow a much narrower bandwidth, less than 3 nm near 1550 nm in this case. However, by tuning the waveguide structure by means of the defect width, 10 -12 hole radius, 10 and hole shape, a broader bandwidth for an oxidized-lower-cladding or sapphire-clad defect waveguide can be obtained.
In summary, a numerical model was developed to analyze the out-of-plane propagation loss of linear defect photonic-crystal slab waveguides. The results show that, for a suff iciently thick bottom cladding layer, both the suspended-membrane and oxidized-lower-cladding structures are capable of low-loss transmission over a limited range of frequencies.
